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By Warren H. Nelson and Albert L. Erickson 

The results of t e s t s  of four d e l  w i n g s  of aspect  ratios 1, 2, 4, 
and 6 ,  employing XACA 65+?10 sections, are presented. The w i n g s  had 
taper  ratios of 0.4 and 30  dihedral. Decreas- the aspect ratio 
resulted in  an increase in the hhch  number of drag asd l i f t  divergence. 
The experFnrenta1 lift-curve s l o p  is compared with that predicted by 
theory. The measured drags were low compared to the drags of w i n g s  
having the same sections but higher aspect  ratios reported in NACA 
Rep. 877, 194'7, possibly due t o  the Merference  effects of the  balance 
housing, causing transition t o  occur w e l l  back on the wing. 

Previous work (reference 1) has shown the  possible  benefits of low- 
aspect-ratio w i n g s  for transonic flight due t o  an increase In the Pllach 
nmiber of lift asd drag  divergence. The purpose of the work reported 
herein was  to evaluate these benefits a t  larger R e p ~ l d ~  numbers. These 
Reynolds rimers varied f r o m  4,700,000 for the wing w i t h  the  smallest 
chord at 0.4 Mach nunher t o  lO,7OO,OOO f o r  the w i n g  with the largest 
chord a t  0.9 Mach nmiber. A study of experimental aSa theorettcal lift- 
curve slopes using the Prandtl-Glauert law and the methods outlined in 
references 2 and 3 is included. A comparison is made of the  theoretical 
frictional drags asd the experimental m"lmrrm drags. 

The followtng s ~ o l s  are used in th is  report : - 
A aspect rat i o  (3 
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M 

S 

V 

b 

C 

drag coefficient (F) 

Mach nuniber 

wing area, square feet 

velocity, feet  per second 

wing span, feet  

chord, feet  

dCL/da 1 i f t ” e  slope, per degree 

9 

Y spanwise distance,  feet 

a angle of attack of wing reference  plese, degreea 

P =SEI density, slugs per cubic foot 

These t e s t s  were  conducted in the A m s  16”oot h1gh”peed w i n d  
tunnel wing four  model wings  having aspect ratios of 1, 2, 4, and 6. 
The wings all had WCA 651-210 sections with a uniform chordwise load 
distribution (a = l), taper ratios of 0.4, 3 O  dihedral, and no twist. 



. The 2 m r c e n t e h o r d  lines had 110 sweep. The basic dimensions and plan 
forms of the w i n g s  m e  given in figure 1. 

The model wings were supported on a sting as shown i n  figure 2. 
The forces were  msasured by a s t r a m a g e  balance mounted inside  the 
d e l s  so that there were no direct  tare  forces. A body was required 
t o  fair in the strain-gage ba,l&nce used in masuring the  forces. Due to 
the size of the balance, the body could  not be buried completely 3.n the 
w i n g s  . 

Constriction  corrections were applied t o  the tunnel+mrpty calibra- 
t ion according t o  the msthods of reference 4. The data were corrected 
for tunne1"Kall effects in the manner described in  reference 5. No 
b a s m e s s w e  corrections w e r e  made. The static-pressure  gradient in 
the wind tunnel wag not sufficient t o  give a measurable  buoyancy correc- 
tion. 

The mmhwn speeds obtained in these  tests were limited  either by 
balance strength or blocking effects. The variation of t e s t  Repolds 
rider with Mach rider f o r  a l l  the w i n g s  tested is shown in figure 3. 

A drag  study is included wfifch involved using the  liquid4ilm 
method, described i n  reference 6, and fixing  transition.  Transition was 
fixed by mans of 3 / l&incmde  strips of No. 60 grit carbonmdum. . 

L i f t ,  Drag, and Pitchtag Moment 

The aerodynamic characteristics of the w i n g s  f o r  Mach ndbers from 
0.4 t o  0.9 are presented fn figures 4 t o  6 .  Fi- 4 shows the lift 
coefficient a s  a function of angle of attack for the four King8 teated. 
The nonlinearity of the lift c m e s  f o r  the  low-spectratio w-s is 
apparent. The drag characteristics  as a. function of lift are shown in 
figure 5.. The minimum drags measured were lower than expected. The 
increased induced+&@; effects are apparent in the  high  rate of drag 
r i s e  with  increased lift as  the  aspect  ratio w a s  reduced. The moment 
coefficients as a function of lift coefficient are shown in figure 6 .  
In general, for the wings with aspect ratios of 1 a.nd 2, the llaomsnt 
curves Indicate an increase in s tabi l i ty  with  tncmasing llft coeffi- 
cient. The n n t  curves f o r  the wings with aspect ratios of 4 and 6 
showed a small increase in stabi l i ty  w i t h  increasing Mach nmiber. 
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Lift-Curve Slope 

As the  aspect  ratio decreased, the effect of Mach n&er on the 
lift-curve slow decreased (fig.  7). This is t o  be expected as the 
threeiniensional  'effects become  more predominant. It f s  6h0~1.1 In 
reference 7 that the  pressure  coefficient at the surface of a slender 
streamline bo* of revOlution in  a uniform stream of a compressible fluid 
is nearly independent of Mach  nuzdber as opposed t o  the t w H l m s n s i a a a l ,  
thin, streamline body  where the pressure coefficients  increase by 
1/( 1"M2) l I 2 ,  the  familiar  Prandtl-Glauert formula  based on the linear 
perturbation  theory. 'I!bere are methods available fo r  predicting  the 
effect of compressibility  for  varipus  aspect ratios based on the linear 
perturbation  theory. Two of these Illsthods (references 2 and 3)  have 
been compared with  the  experimsntal results. The other theoretical 
curves in figure 7 are based on the Prandtl-Glauert  tudimsnsional 
correction  l/(l-M2)1/2. T h e '  lift-curve slopes predicted for zero Mach 
number are taken from reference 8, and the  theories  are  applied from 
this base, The lfft-curve slope for twoilimeneiaml incompressible flow 
used in the theory of reference 2 was obtained from reference 9. The 
theoretical  rate of change of l i f t c u r v e  slope with Mach m&er calcu- 
lated from reference 2 agrees fa f r ly  well with the  experimntally 
determFned vrtlues for  the lower aspect ra t ios  below the divergence mch 
number, but,  for aa aspect ra t io  of 6, the  theoretical values are  
generally  less  than  the experimental ones. The t w d i m e n s i o n a l  Prand.tk 
Glauert l a w  does not  give sufficient  correction at Mach nuibers above 
0.7 for  the wing  of aspect ra t io  6, but it overcorrects f o r  the lower 
aspect ratios.  This disagreement is due t o  the breakdown of the linear 
perturbation  theory at high Mach numbers for  airfoils of f in i te  thickness, 
88 has been shown by other  testa  (reference 10). 

D r a g  Divergence 

The benefit of increased &ch number of divergeme f o r  the l o w  
aspectiratio wings m s  obtained at the expense of increased induced 
drag as shown in figure 8. The magnitude of the  drag  coefficient at 
0.4 l i f t  coefficient f o r  aspect ratios of 1 and 2 was extrenaely high, 
indicating that the Mach nuniber and lift coefficient f o r  operation is 
of c r i t i ca l  imgortance in choosing the  aspect ra t io .  

Decreastng the  aspect  ratio also can result in increases in the 
dragdivergence W h  n W e r  because the  thickness-tmhord  ratio of the 
wing also can  be reduced. For the same root  stress,  the Wing thickness 
C&IL be reduced approximately as the square root o f - the  r a t i o  of the 
aspect ratios. If the same loading i s  ass-d and w h g s  from the 
present  series of testsare compared, a hercent-thick w i n g  with an 
aspect ratio of 1 w i l l  have the same root stress as a l+percent-;thfck 

.. . 

. 
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w h g  with an aspect r a t i o  of 6 .  This  decrease in  thickness would 
increase  the  critical Mach m e r ,  based on twdfnuensional  airfoil 
data, by 0.04 to 0.06 (reference 9). ? 

The measured minimum drags are exceptionally low, which was thought 
to be  due to transition occurring unusually far back on the w i n g s .  
Consequently, a  series of tes ts  was made of the aspecD.Tati& w i n g ,  
with and without fixed  transition. The results, d o n g  with  calculated 
frictional drag coefficients  (reference EL), a r e  shown in table I. To 
ascertain  the chord position  at which transition was normally taking 
place,  a  liquid film was applied t o  the  aspect-atio-2 wing. The 
film evaporated first i n  the turbulent  area,  leaving 8 contrast due t o  
the change in reflectivity of the wing as is shown in figure 9. It waa 
estimated from these photographs that, f o r  a Mach m e r  of 0.7 and at 
minimum drag, the average transition poht on the upper surface of this 
uing was a t  about 65 percent of the chord on the outer 50 percent of the 
span. The inner portion of the span did not show any clear turbulent 
area except where &uta surface  irregularities caused tbe usual wedge- 
shaped t ramit ion areas forward of the m r c e n t c h o r d   l i n e .  On the 
lower surface, the liquid  film  indicated that t ramit ion was occurring 
at about 5 m r c e n t  chord. A t e s t  w a s  %de wtth transition  fixed  at 
65 percent of the chord on both upper and  lower surfaces. The results 
(table I) show a higher drag  than for the normal wing, fnafc8-bing that 
transition was occurring aft of 65 percent of the chord on at l eas t  
park of the smooth w i n g .  The drag directly due to the rough s t r ip  was 
estimated t o  be less then I percent of the total drag. As msntioned 
earlier,  the  liquid film indicated transition might have been occurring 
aft of 65 percent of the chord on the inner portion. In order t o  check 
this  indicatian,  the  transitiox+fixlng roughness was rem& from the 
inner 50 percent of the span on the upper surface, and the drag  then 
agreed  with the smooth-wing drag. It is apparent fromthese  results 
that transition on the upper surface of the inner  portion of the span 
was occurring aft of 65 percent of the chord on the smooth wing. This 
far aft position of transition wa6 possibly due to favorable  interferz- 
ence effects of the body in reducing the pressure gradients on the 
inner  portion of the trlng. This hy-pothesfs could explafn why the 
mininun drags are lower than those measured in reference 10. 

, 

Additional drag measuremsnts  were made with transition  fixed 
forward of the normal position, and the  results are included in table I. 
The additional drag masuremnts for various  positions of fixed transi- 
tion axe in good agreemsnt with frictional4rag  calculations. Included 
in table I are the  results of t e s t s  with the wing  surface  polished. A 
reduction in  drag coefficient of about 0.OOOk was realized fo r  t h b  

tion. 
* polished  condition when c m e d  t o  the wing in the normal smooth c o d %  

I 
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The absolute  mgnltude of the drag coefficients m y  be i n  error by 
an amount equal to   the undetermined base-pressure  correctionl however, 
the  differences between drag coefficients presented are  believed t o  be 
reliable. 

Pftching Momsnt 

’phe pi tch imment   coef f ic ien ts  are presented as functions of Mach 
nuniber in  figure 10. The low-aspect-ratio wings  ( 1 and 2) had the 
smallest changes up t o  the bhch aumber of divergence. The pitching- 
moment coefficients for the wing8 of aspect ra t ios  2, 4, and 6 bec- 
more negative above the cr i t ica l  Mach nuniber. 

CONCLUDING REMARKS 

These high Reynolds number tests substantiate  results from previozus 
l o w  Reynolds nurdber tes t s   in  s h o w h g  that the Mach  number of l i f t  and 
drag  divergence,was  increased by decreasing  aspect ratio.  

None of the variations of the theory used for predicting  the change 
of 1if”curve  slope  with Mach m&er was applicable for d l  aepect 
ratios  tested3 however, reference 3 does hold well  for aBpect ratioe 
1, 2, and 4 fo r  Mach  nunibera below the divergence. 

Low minimum drags were  measured,  compared to those  reported in 
NACA Rep. 877, 1947, and it is shown that they can be explained by the 
fact  that transit ion occurred well behind the 50-ipercant-hord point. 
The delayed transition was posslbly due t o  the  interference  effects of 
the w w u p p o r t  system. 

A m s  Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Moffett Field,  Calif. 
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Figure 1.- Dimensions  and  plan forms of the model  wings, 
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(a) Front view. 

- (b ) plan view. 

- Figure 2.- Method of mounting model wings. 
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Figure 3.-Voriafion of Reynolds  number wifh Mach number for the - model wings. 
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figure 5.- Variation of drag coefficient with lift coefficient. 
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Figure 5.- Continued. 
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(b) Transition  outlined in chalk. 
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